The impact of mechanical activation on the dielectric properties, structural parameters, and lattice dynamics of the Pb(Zr 0.56 Ti 0.44 )O 3 solid solution was investigated. The solution features coexisting metastable tetragonal (T) and rhombohedric (R) phases, whose ratio can be altered by applying the uniaxial compression load up to 320 MPa under torsion in Bridgman anvils. The strain-induced changes of the unit cell parameters, dielectric permittivity, Debye characteristic temperatures, temperature-dependent Debye-Waller factors, and mean square displacements were critically analyzed.
Introduction
It is well-known that the physical properties of macroscopic ion crystals depend on the structure of the crystal lattice, the extent of arrangement of atoms and ions in identical crystallographic positions, the type of crystal lattice defects and their concentration. Even a small quantity of defects may influence the phononic and electronic spectra of the crystal lattice, also being manifested in thermodynamic, kinetic and transport properties of the crystal [1] . Intentional tuning of the physical properties by varying the concentration of defects is the actual topics in the condensed matter physics and attracts both theoretical and practical interests.
Among ionic crystalline materials the ferroelectric-piezoelectric solid solutions of Pb(Zr 1−x Ti x )O 3 (0x1), also known as PZT, with the composition falling around the morphotropic phase boundary (MPB) are of continuous interest due to a wide spectrum of useful physical properties, demonstrating high sensitivity and good stability under the action of an external force [2] [3] [4] [5] [6] . By selecting a certain ratio between the Zr 4+ and Ti 4+ cations or by introducing some dopants PZT with customized properties can be obtained. Such solid solutions are demanded by the piezoelectric industry for production of functional ceramic elements. The dielectric, piezoelectric, electromechanic and polarization properties of the Pb(Zr 1−x Ti x )O 3 materials with different chemical compositions have been studied under a variety of external forces [7] [8] [9] [10] . One of them is a mechanical load applied through the mechanical activation procedure. This external force changes the scale of structural uniformity and concentration of structural defects, affects electric and physical properties, the structural parameters and the lattice dynamics. In this regard establishing the 'composition-structureproperties' correlation is critically important. However, we did not identify any journal publication with detailed analysis about the impact the mechanical force has on PZT. In this work we consider how mechanical activation influences the dissipative and dynamic characteristics as well as the structural parameters of the Pb(Zr 0.56 Ti 0.44 )O 3 material in form of powder and ceramic by processing the results of its characterization by several experimental techniques such as x-ray diffraction (XRD), dielectric spectroscopy and high-temperature calorimetry.
Experimental details
The Pb(Zr 0.56 Ti 0.44 )O 3 samples were prepared in two stages from respective portions of ZrO 2 , TiO 2 and PbO of ultra high purity. At the first stage, ZrO 2 and TiO 2 were thoroughly mixed in an agate mortar with addition of ethanol, and then sintered at 1520 K for 2 h. Secondly, the sintered product was grinded and thoroughly mixed with PbO in an agate mortar. The resulting powder was sintered at 1420 K for 2 h in a closed platinum crucible under a layer of PbZrO 3 . The last is normally used to compensate a partial sublimation of PbO during treatment. The final product was ground into powder in an agate mortar for half an hour. The so-prepared sample will be referred as 'start' one.
The equal weight fractions of the powder were exposed to a fixed mechanical load in Bridgman anvils. To impart the load with some hydrostatic character, the activated powder was confined in a metallic ring, which was positioned between the anvils. The lower anvil was set rotating at a slow angular speed for two full turns with cyclic changes in the direction of rotation. The applied pressures were from 40 to 320 MPa with a 40 MPa step, allowing for generation of structural defects but avoiding intensive amorphization. Each sample was formed by collecting seven portions after the same pressure. Batches were mixed all together in an agate mortar and then sintered at 1420 K for 2 h. Eight different pressures gave eight samples, referred hereafter as 'work' ones.
A characteristic parameter of shear deformation in Bridgman anvils was obtained according to the formula [11] :
where υ is the rotational angle, r is the anvil radius, d is the sample thickness. In our case, ζ=12, this value remains for all experiments. The XRD patterns were measured in a step-by-step mode on a HZG-4B x-ray diffractometer with Cu Kα emission in the Bragg-Brentano geometry. Scanning step was 0.01°with counting time of 8 s in each point. The phase purity of the obtained samples was controlled with room temperature measurements and demonstrated no impurities within the sensitivity of the instrument. The refinement of crystal lattice parameters was performed by the method of Rietveld full-profile analysis using the pseudo-Voigt function.
The dynamic characteristics were assessed from the high-temperature measurements of the integral intensities I (110) and I (220) in the paraelectric cubic phase at 773 and 873 K. This method allowed to exclude any impact from the ferroelectric nature of the material as well as from polar directions in the elementary cell manifesting at the phase transition from cubic to ferroelectric. The choice of Bragg reflexes with small Miller indices was due to the weak integral intensities at the large angles of diffraction. The measurement accuracy of temperature control was ±0.5 K; the accuracy of unit cell parameters was ±0.001 Å.
For the following measurements samples were used in form of a 1 mm thick ceramic disc (obtained after sintering). The elemental content of the samples was monitored with the micro x-ray fluorescent spectrometer M4 TORNADO (Bruker). The scan area was 100×100 μm 2 . The dielectric properties were analysed by using the E7-20 automatic immitance meter produced at the Minsk R&D Institute of Instrument Making. Both sides of the ceramic disc with diameter of 10 mm were covered by a layer of colloidal silver paste and annealed at 1020 K for 20 min to form the conductive pads for electrodes. The samples were measured at 1 kHz frequency. The thermal capacity from ambient temperature to 875 K was evaluated with the DSC 204 F1 Phoenix scanning calorimeter (Netzsch) on the samples in form of the 4 mm diameter discs. The heating rate was 5 K min −1 with the measurement accuracy not exceeding 3%.
Results and discussion
The elemental composition of Ti and Pb in the resulting samples was found corresponding to the stochiometric one with a 2 wt% discrepancy in the concentration of Pb. This effect is known for lead-containing ferroelectrics and caused by the tendencies of lead oxide to sublime at high temperatures. The difference in concentration of the elements in question was even observed on the surface of PbTiO 3 single crystal obtained by crystallization from the melt. The presence of temperature gradient and vaporization of PbO are behind the phenomenon. Long high temperature annealing of such crystals may induce critical changes in their physical and structural properties [12] .
The XRD patterns of 'start' and 'work' samples after the final pressure of 320 MPa are shown in figure 1. There are two constituent phases can be identified in all the samples; one is the tetragonal P4mm phase (T-phase) and another is the rhombohedral R3m phase (R-phase). Their ratio changes from sample to sample, described by relative concentrations of R-and T-phases, C R and C T , respectively (see table 1 ). The Miller indexes for both phases (T-phase for 'start' and R-phase for 'work') are given in figure 1 above the patterns. The are no traces of the monoclinous Cm-phase observed by other authors [13, 14] .
It is typical of ferroelectric materials exposed to mechanical stress in Bridgman anvils to display some structural changes like accumulated dislocations and point defects. These defects can be easily traced through the changes in size of coherent scattering regions, D, micro deformations, Δd/d (where d is the interplanar distance), and the integral intensities of the diffractive profiles [15] [16] [17] . Figure 2 shows D and Δd/d values (united with polynomical eyeguides simulated using the Modified Bezier method) for Pb(Zr 0.56 Ti 0.44 )O 3 after mechanical activation at different pressures, P, (figure 2(a)) and sucessive sintering ( figure 2(b) ).
As can be seen from figure 2(a), while the applied pressure increases till 160 MPa D decreases and Δd/d changes non-monotonically. The stress of 160 MPa can be considered as 'critical' for the system, since above this value the development of dislocations slows down, while the generation of point defects becomes dominant in formation of the structural defects.
The ballistic diffusion processes developing in the sample confined in Bridgman anvils under applied mechanical stress exceeding some 'critical' value lead to recrystallization. At certain stage of such mechanical activation under a constant value of shear deformation some defective crystallities get consumed by less defective ones promoting the growth of 'healthy' crystallites and D values [18] . This process appears under the pressures of 200 and 280 MPa as in figure 2(a) .
The complex character of the Δd/d behavior over the course of mechanical activation (figure 2(a)) can be partially attributed to the double-phase nature of Pb(Zr 0.56 Ti 0.44 )O 3 composition adjoining from the left MPB at the x-T phase diagram, where x is the concentration of Ti 4+ ions, T is the phase transition temperature [2, 3] . It is well established, that PZT with exact composition is quite sensitive to any external force, e.g. to the mechanical pressure [9, 10, 16, 17, [19] [20] [21] [22] .
Mechanical activation is characterized by a certain correspondence between the values of applied pressure and the induced concentrations of structural defects such as dislocations and point defects. The number of point defects was not evaluated in this work, and they will be described qualitatively. Considering the dislocations, the contribution of screw dislocations into the widening of diffraction profiles is virtually negligible, and one deals mainly with edge dislocations. Hence, the density of dislocations, ρ D , can be estimated by using the following formula [23] :
where n=1, assuming, that dislocations network coincides with grains boundaries and large separations imply almost no interaction between the dislocations. The estimated ρ D values for the samples before and after calcination are presented in table 2. Figure 3 shows the changes of the unit cell parameters for T-and R-phases with rising applied pressure. It is clear that a R deviates more than both a T and c T parameters. This can be attributed to the fact that R-phase features eight probable equivalent polar directions for orientation of the vector of spontaneous polarity, Ps. The T-phase has only six probable directions. The coercive field is minimal in the morphotropic region, implying the increase of the reorientational component of polarization. In Pb(Zr 0.56 Ti 0.44 )O 3 the 180°and 90°domain structures are typical for T-phase while the 180°and 109°(71°) are for R-phase. The pressure-induced switching of the 90°domains in T-phase is difficult due to the strains in incoherent interphase boundaries of the linked 90°t wins. The substantial changes in the a T and c T parameters are observed above 200 MPa. With growing pressure the crystal lattice of T-phase starts to shrink along c-axis and extends along axes a and b (the unit cell parameter a equals b for T-phase). At pressures higher than reported in this work, there is a possibility for formation of metastable phases with another spatial symmetry and unit cells. The rhombohedral angle, α, is another characteristic parameter for the R-phase unit cell. Its value oscillates as the a R parameter under mechanical activation ( figure 3 ). Let us discuss the behavior of dielectric permeability, ε, which is one of the fundamental parameters of ferroelectrics. Previously, we obtained the dependencies of ε from temperature and frequency for a couple of 'start' and 'work' samples [24] . In this study we will focus on dependencies of ε max and T max from the activation pressure, shown in figure 4 . Both values oscillate in a wide interval. The ferroelectic ceramics ε max depends on such factors as grain size, domain structure, and density of material. The mean density of the samples was 96% of its theoretical value.
In the Pb(Zr 0.56 Ti 0.44 )O 3 solid solutions thermal motion of ions could lead to their displacement from equilibrium in the crystal lattice. The applied mechanical pressure may cause a static shift. Both dynamic and static shifts result in lower intensities of diffractograms due to higher number of ions situated in 'dislocated' sites of the crystal lattice. The measure of the shift is the root-mean-square amplitude, Ū , 2 which can be determined for the crystals of cubic syngony via the following relationships: table 1 and figure 2(b) ).
To calculate the lattice dynamics of cubic crystal, we adopted the Debye model [25] . At first approximation it assumes that crystal behaves as an isotropic continuous solid body, where all the waves travel at the same speed irrespective of wavelength or direction. We will consider the behaviour of the characteristic temperature, Θ, as a measure of the interatomic bonds strength under applied mechanical pressure. In the Debye approximation, it is given by
where ν m is the frequency of the upper limit of vibration spectrum, k and h are the Boltsmann and Planck constants, respectively. In order to define the characteristic temperature of thermal motion of the ions in the cubic phase lattice we will use the measured at 773 and 873 K the integral intensities of the (220) reflection from Pb(Zr 0.56 Ti 0.44 )O 3 . where m is the reduced mass of atoms in the unit cell,
is the tabulated Debye function, ϑ is the angle of diffraction, λ is the x-ray wavelength.
By considering the ratio of intensities , After calculating α, we can find the Debye characteristic temperature, Θ, by using a reference curve α=f (Θ) [26, 27] , which was constructed for both temperatures.
The resulting dependence Θ=f(P) is presented in figure 6 . There are no appreciable changes in Θ for activation pressures below 80 MPa. Within this interval, dislocations get concentrated and the blocks of crystalline mosaic become smaller. Pressures of 120 and 160 MPa correspond to the beginning of the active Metal ions in the vicinity of a dislocation or point defect should scatter x-rays in the same manner as they are scattered by the ions shifted from the equilibrium by a heat movement due to substantial deviations from the mean positions in the crystal lattice of Pb(Zr 0.56 Ti 0.44 )O 3 that abruptly decreases with the distance from a dislocation. The x-rays scattered by shifted ions do not coincide in phase, causing the weakening of intensity of diffraction peaks. This lowering of the intensity is described by the equation:
where I is the intensity of reflected x-ray (without considering thermal vibrations), I T is the true intensity, -e M 2 is the Debye-Waller isotropic thermal factor.
The B value is calculated using
where х=Θ/T; Φ(x)/x is the Debye function; 1/4 is the share of zero vibrations.
The results of calculation of B can be seen in figure 7 . It is well known from thermodynamics, that first-order phase transitions involve the transfer of a latent heat. Figure 8 (a) presents a thermal dependence of the thermal capacity of ceramic polycrystalline samples produced from the starting (1) and activated powders at 80 (2) and 160 (3) MPa applied pressures. According to [28] , the high concentration of defects leads to an increase in thermal capacity and blurring of the heat capacity jump when approaching the phase transition point. The same behavior was observed during the experiment. For the analysis of thermal capacity and for distinquishing the phononic and abnormal inputs we will use the same to [28, 29] , a simple model that describes the phononic thermal capacity of PZT by using the Debye function of
where Θ D is the qualitative (calorimetric) Debye temperature. The results of thermal capacity indicate that the Debye temperature for the starting (1) and work samples, which experienced mechanical activation at 80 (2) and 160 (3) MPa before heating, are equal to Θ D =566, 561 and 550 K respectively. These values exceed the qualitative temperatures of the powdered samples described above.
It is known that the Debye temperature depends on the value of the coupling forces between the lattice atoms, therefore, the temperature drop under power impact may reflect the weakening of the forces among the lattice ions. The results of the phononic thermal capacity approximation by applying the Debye function are shown as a continuous line in figure 8(a) . The thermal capacity surplus constituent was established for each composition as the difference between the measured and estimated phononic thermal capacities D = -C C C .
P P
0 The thermal dependence of the abnormal thermal capacity ΔC(T) is presented in figure 8(b) .
Thus the nature of the highlighted thermal capacity enables to interpret it as a Schottki anomaly for twinlayer conditions divided with energy barrier ΔE. They could be considered as domains separated by the energy barrier, ΔE, or as the atoms of the same type or even the groups of atoms having two structurally equivalent positions [30] .
The Schottki thermal capacity expression for the twin-layer model is given below [31] :
where G is the relation of the degeneracy multiplicity of the layers, R is the absolute gas constant. By comparing the thermal capacity calculated using equation (10) and the experimentally highlighted abnormal thermal capacity ΔC we have obtained the model parameters for the samples (1) E=1.391 eV; G=1.767; (2) E=1.511 eV; G=3.177; (3) E=1.575 eV; G=4.611. A good match between the experimentally highlighted ΔC(Т) and the estimated curve of the abnormal thermal capacity dependence within a 250-550 K range is rather good (figure 8). In the region of the ferroelectric phase transition, T c , one can observe a typical λ-abnormality of thermal capacity C p (T), which is due to the onset of ferroelectric alignment. T max temperature being determined by dielectric measurements may not coincide with the maximal parameters of non-electric measurements. e.g. calorimetric ones.
Conclusions
The sum of the experimental results enables us to conclude that mechanical activation at room temperature of the Pb(Zr 0.56 Ti 0.44 )O 3 powder with composition from MPB trigger the processes of relaxation of mechanical energy through dispersion of original crystallites and accumulation of structural defects that influence not only the structural parameters and the crystal lattice dynamics but the ratio of coexisting R-and T-phases. The Pb(Zr 0.56 Ti 0.44 )O 3 ceramic with a variety of structural defects features different values of dielectric permeability, temperature of the dielectric permeability maximum, and the thermal capacity in MPB.
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